Abstract-Minimally invasive percutaneous medical procedures are widely accepted in current clinical practice. However, with current techniques, the procedures are challenging and a high level of expertise is required to perform them successfully. This paper presents a novel steerable needle device for percutaneous interventions that allows the physician to steer the tip of the needle during insertion which eases the challenge associated with reaching the target. The steering concept uses slightly modified, off-the-shelf medical biopsy needles. A controlled lateral steering motion of over 30 mm during a 100-mm needle insertion is demonstrated with a 20-gauge needle in tissue-mimicking phantoms. A hand-held, motorized device has been built that actuates the needle base to produce a desired steering direction and magnitude at the tip. Steering commands may be supplied either by user input or by computer control. For the latter case, a method of software path planning has been developed that automatically steers the needle to a target.
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I. INTRODUCTION

M
INIMALLY invasive percutaneous procedures under image guidance have a wide variety of applications in medical diagnosis and therapy. These procedures employ long, fine needles to access remote targets in the patient's body percutaneously, i.e., via a puncture through the skin. Biopsy and localized drug delivery are typical applications where percutaneous techniques are frequently used. Unlike open surgery, a percutaneous approach will never involve direct observation of the target tissue. Therefore, in most cases, some form of medical imaging technology is employed to locate the target and to guide the needle to the location. Of these technologies, ultrasound is common because of its minimal equipment and real-time display.
In practice, the target, such as a legion suspected of being cancerous, may reside deeply within the body and may be adjacent to organs and tissues sensitive to injury. Hence, precise needle placement is of critical importance. However, such precision is, in general, hard to achieve. Because of the length and flexibility of the fine needles used and the difficulty in controlling the trajectory after penetrating the skin surface, trial-and-error still plays a substantial role in reaching the target.
The success rate of many percutaneous procedures would be improved if a greater degree of control over the needle insertion trajectory was available. For example, the target tissue in needle biopsy of the breast, prostate, liver, and kidney is frequently 5-10 cm in depth and occasionally more, depending on the size of the patient. Fine needles from 18 to 25 gauge are often used. Because of poor needle placement control, multiple insertion attempts at a single biopsy site are often made before the physician successfully samples the target tissue. Because some procedures require six to twelve separate samples, the whole experience is uncomfortable for the patient and fatiguing for the physician [1] - [3] . In transabdominal chorionic villus sampling (CVS), a fine needle, typically 18-20 gauge and about 10 cm in length, is inserted through the abdomen to collect a small sample of placental tissue from women in the first trimester of pregnancy for fetal karyotyping. This is a challenging procedure because of the small size of the target and the long insertion distance, and achieving proficiency in CVS is characterized by a long learning curve [4] . In brachytherapy of the prostate, radioactive seeds are deployed in a three-dimensional pattern throughout the lobes of the gland for a powerful, localized cancer therapy. The seeds are implanted by using an array of 17-or 18-gauge needles [5] . Precise seed distribution is essential to control the radioactive dose delivered to the prostate; this aspect of the procedure would benefit from improved needle placement control.
From a control standpoint, the challenge in guiding the needle tip to its intended target is twofold. First, the choice of the needle insertion point and orientation must be made based on target location seen in the ultrasound (or other) imaging display. If, during the course of the procedure, it becomes clear that the chosen trajectory in fact misses the target tissue, the physician has little recourse other than to withdraw and reattempt the insertion along a corrected path. Second, even if the needle is perfectly aligned with the target prior to the insertion, the needles used in percutaneous procedures are flexible and tend to bend substantially during the insertion. This deflection is caused by several factors: 1) lateral forces acting on the needle tip bevel; 2) inhomogeneous properties of the tissue along the needle path; and 3) lateral forces acting at the base of the needle. A limited degree of corrective action may be taken by controlling the needle base [6] and by reorienting the tip bevel direction [7] .
However, the level of control is minor, and the method of needle tip redirection by manipulating the base is unintuitive and challenging.
Several groups have implemented computer and robotic assistance to improve the accuracy of needle insertions. These approaches automatically align the needle with the target based on known target location in three-dimensions. This assumes, however, that the target tissue has been effectively immobilized and that the needle follows a straight trajectory [8] - [12] . Stoianovici et al. have developed the PAKY-RCM robot that carries out fully automated needle biopsies with computed tomography (CT) imaging with very little dependence on the physician [9] , [11] . Their novel remote center of motion (RCM) needle orientation manipulator employs a straight-line mechanical transmission to drive the insertion of needle once the correct orientation has been attained [13] . Using the same RCM robot as Stoianovici's group and a passive seven-degree-of-freedom positioning arm, Fichtinger et al. have built a dedicated robotic system for needle insertions into the prostate for biopsy and therapy [14] . Smith et al. have developed a similar needle guidance apparatus and real-time three-dimensional ultrasound imaging that automatically positions and inserts the needle to improve targeting accuracy [8] . Although these innovations generally improve accuracy by automating needle-target alignment, they do not provide active trajectory correction in the likely event that trajectory errors arise.
The following research presents the first working implementation of an active needle-steering system. Based on the concepts presented in [15] , a novel hand-held steerable needle device with a joystick for steering input has been built that takes the place of the conventional needles used in percutaneous procedures. Preliminary results have been presented in [16] . The physician is able to produce immediate path corrections at any time during the procedure by steering the needle tip with a joystick, and curved access trajectories also become possible. With this system, the current clinical procedure remains largely unchanged whereas the capabilities and error tolerance are expanded. Even if the initial choice of insertion point and orientation is not perfect, the physician is able to correct the needle path without withdrawing when the error becomes evident on the imaging display.
We begin with a description and validation of the physical mechanism that achieves two degrees of steering freedom with conventional medical biopsy needles. This is followed by details of the mechanical and electrical design for the medical device. Finally, we present a method of automatically steering the needle to a specified target seen in a two-dimensional medical imaging display.
II. METHOD OF NEEDLE STEERING
Our method employs a slightly modified version of a conventional, off-the-shelf fine needle for medical biopsy (19 gauge or thinner). Biopsy needles consist of a hollow tube called a cannula and a solid rod called a stylet that sits inside the cannula during a needle insertion. The stylet is a passive element used only during the insertion phase to block the cannula lumen and is subsequently removed once the needle tip reaches the target. Our device does not interfere with this conventional usage of stylet and cannula, but it derives additional functionality from the stylet as an active steering element during insertion. After puncture of the target, both the stylet and the steering handle are removed together, leaving the cannula with its tip properly targeted, and allowing the physician to continue the procedure as usual.
For our device, the stylet has a mild curve over approximately the first 20 mm from its tip. The stylet is correspondingly 20 mm longer than the cannula so that this curved portion of the stylet tip can be exposed to tissue. Because of its cross-sectional geometry, the cannula is significantly stiffer than the stylet. Therefore, by withdrawing the curved portion of the stylet inside the cannula, the stiffer cannula straightens out the curve of the softer stylet and the net needle shape becomes approximately straight. The deflection of the tip with respect to the needle shaft may therefore be controlled by varying the length of the curved portion of the stylet tip that extends beyond the cannula into the tissue. Fig. 1 illustrates the needle-steering concept.
The exposed curve tip of the stylet imparts a lateral deflecting force on the needle as it advances through the tissue. This causes the needle trajectory to arc in the direction of the exposed curve. The overall stiffness of the stylet-cannula combination in the needle shaft is flexible enough in the fine needles we used that the entire needle shaft follows behind the steering tip. The actual arcing trajectory that the needle shaft follows as a result of the stylet tip curvature depends on the interplay between the overall stiffness of the needle and the elasticity of the tissue. This effect is quantified in Section IV.
We can generate two degrees of steering freedom using this bent-stylet technique by actuating the stylet in its two degrees of freedom with respect to the cannula, namely rotation and axial translation. The steering direction is selected by rotating the stylet, and the magnitude of the steering action is selected by extending the stylet and exposing its curve. Coupled with the insertion degree of freedom (DOF), this produces full 3-DOF needle tip placement control within the limits of the maximum trajectory curvature attainable by the steerable needle.
Only a small modification to the stylet is necessary to prepare standard, disposable needles for use in this system. Also because of its simplicity, the steering behavior of the system is easily adjusted by changing the initial bend of the stylet.
III. THEORETICAL NEEDLE TIP DEFORMATION BEHAVIOR
For this bent-stylet, straight-cannula-steering concept, we can demonstrate theoretically that for typical needle geometries a curved stylet tip can be almost completely straightened by withdrawing it inside the cannula. Knowing that there will be some clearance between the stylet and the inner wall of the cannula, if we look at the contact forces between the two when the stylet is withdrawn we can assume the three-point bending load pattern shown in Fig. 2(a) . The cannula will deform under this loading as shown in Fig. 2(b) . By symmetry about the point load, we need only look at the distal half of the curved portion of the needle. Energy methods can be used to calculate the lateral and angular deflections, and , as follows, where and are the elastic modulus and moment of inertia, respectively, of the cannula
By geometric manipulation, we calculate the actual lateral and angular deflections of the cannula, and , with respect to the needle shaft, as follows:
For convenience, we assume that the natural bent shape of the stylet is the same as that produced by a straight beam subjected to three-point bending. Therefore, by applying a threepoint bending load pattern to the curved portion of the stylet (for example, by withdrawing inside the cannula), we can eventually straighten it with the correct force magnitude. We can therefore define the deflection for the stylet as follows, where and are the natural lateral and angular stylet deflections, respectively, and where and are the elastic modulus and moment of inertia, respectively, of the stylet:
We now look at the situation where the stylet is inside the cannula and impose the constraint that they share the same bent shape with equal and opposite loading. By solving this system of equations we arrive at the equilibrium deflections and when the stylet is inside the cannula
For a stylet with outside diameter and a cannula of outside diameter and inside , where both are constructed of the same material, we arrive at the following expression for the amount of needle deflection as a function of needle geometry:
Thus, we find that, for a 20-gauge needle with mm and mm, we can straighten the needle tip curve to approximately 1/6th the natural curve of the stylet. Because the amount by which we are able to straighten the needle increases with the ratio of the diameters to the fourth power, a small increase in the cannula diameter at the tip will produce a much greater straightening ability while retaining flexibility in the needle shaft. For example, by increasing the outside diameter of the cannula by 19% we can use a stylet with double the natural curvature without compromising straight-line tracking when the stylet is withdrawn.
Note that the tip curvature defined analytically in this section is distinct from the actual trajectory curvature of the needle during insertion. These equations approximate the needle tip curvature, which affects the magnitude of the lateral steering forces acting on the stylet tip, but the resultant trajectory is a more complex function of the needle shaft interaction with the surrounding tissue. To predict such curved trajectories, the techniques presented in [6] could be employed. 
IV. VALIDATION OF STEERING CONCEPT
The following experiment was designed to validate the effectiveness of the bent-stylet, straight-cannula steering concept in tissue phantoms. In these experiments, we quantify the relationship between stylet extension and needle trajectory curvature. The rotational degree of steering freedom is not addressed in the following results, but we envision that course corrections during insertion will typically be made by first rotating the stylet appropriately while the stylet is fully withdrawn and then extending it to produce the desired steering magnitude. In this way, the rotational degree of freedom is unaffected by the tissue, and tissue damage is minimized.
The stylet from a 20-gauge Chiba needle is manually given a 2 mm lateral curve opposite to the bevel direction over approximately a 20-mm range starting at the tip. The stylet is inserted into the cannula so that the curved stylet tip extends beyond the cannula by a controlled amount ranging from 0 to 12 mm. The cannula and stylet are mounted to a horizontal linear slide, with the tip curvature in the horizontal plane. A 100-mm-square tissue-mimicking phantom with a height of 15 mm made of a polyvinyl chloride compound is placed on a light table with a charge-coupled device (CCD) camera mounted vertically overhead [6] . The camera view can be seen in Fig. 3(a) . Three tissue phantoms were prepared with varying stiffness. Although the behavior of both our phantoms and real tissue are highly nonlinear, to a first-order, linear approximation, the elastic properties of our phantoms fall within the range of elastic moduli typical for breast and prostate tissue [17] , [18] . Such synthetic phantoms are, however, unrealistic in that edema, bleeding, other heterogeneous features, and a skin surface are absent from the tissue model. Hence, we expect that live tissue would affect, but not necessarily diminish, the needle-steering behavior observed in these experiments.
For the experiment, multiple needle insertions were made in each phantom by advancing the stylet-cannula combination along the linear slide at a rate of approximately 5 mm/s. Varying the insertion speeds within the range used in clinical practice (1-10 mm/s) had no effect on the trajectory produced by the tip curvature. In each insertion case, the amount of curved stylet tip that extended beyond the cannula was adjusted in increments between 0 and 12 mm to show how this variable controls the magnitude of the curvature of the resulting needle trajectory. Fig. 3 (b)-(d) shows the lateral needle travel for different stylet curve exposures in each phantom. We define the base case of zero extension to be a point where the stylet is actually slightly exposed. In this state, the lateral steering force due to the slightly exposed curve exactly cancels that due to the needle bevel so that the needle travels along a straight line.
As can be seen in this figure, varying the stylet extension with respect to the cannula produces a powerful and controllable steering effect. A total of 35 mm of lateral deflection was achievable for a 100-mm insertion depth in the stiffest phantom. In all three phantoms, the lateral steering effect is approximately proportional to the amount of stylet extension. We also observe that the magnitude of the steering effect decreases slightly with phantom compliance. We suspect two reasons for this result. First, it is the stiffness of the tissue that mechanically holds the needle in its bent shape. Stiffer tissue can hold the needle in a more highly bent state. Second, during the insertion, stiffer tissue will produce a more immediate lateral reaction against the curved portion of the stylet resulting in a stronger steering response. The version of the device pictured here is described in Section VI and houses all the electronics and a battery power supply in the box mounted to the device.
In these experiments, the lateral steering forces that cause the needle trajectory to arc also cause a mild shifting of the puncture point opposite the direction of steering. The puncture point shift was proportional to the insertion force and returned to its original position whenever the insertion motion was halted. The presence of this effect, however, does not adversely affect targeting ability with this device and there is no need to attempt to specifically avoid puncture point shifting.
V. MECHANICAL DESIGN
The purpose of the needle-steering device is to provide motorized actuation of the stylet motions in a hand-held package. We designed the prototype for one-handed operation so as to seamlessly replace existing needles used in freehand ultrasound-guided percutaneous procedures. In this capacity, the desired steering action is defined by the physician using a joystick (or other similar interface) mounted to the device. While watching the progress of the needle in the ultrasound display, the physician guides the needle along its intended path by using the joystick to steer the tip.
However, we do anticipate a number of more advanced applications for the steerable needle technology presented here, which would enable computer automation of needle insertions. As a first step, the addition of a physical tracking system, such as FASTRAK (Polhemus Inc., Colchester, VT), to the probe and the device would provide the positions of features visible in the ultrasound image and the position of the device in a common three-dimensional frame of reference. It then becomes possible to implement a path-planning software package that automatically computes the steering commands for the device to reach a target while the insertion of the device remains under manual control. The most advanced approach adds robotic actuation of the needle insertion motion which then constitutes a fully automated needle insertion system. Such automated systems rely heavily on ultrasound image-processing software which must have the the same capability to track the target and the needle as a physician performing the freehand approach. This is a challenging problem and one which this lab is pursuing in parallel with this steerable needle technology [16] , [19] , [20] .
In the present design, the desired steering action is controlled with a miniature, two-axis analog thumb-joystick for steering input. This system is therefore appropriate for the freehand approach described above; however, the joystick can be replaced by computer control in future versions. A photograph of the device and joystick being held as if for a freehand insertion is shown in Fig. 4 . A computer rendering of the mechanical design is shown in Fig. 5(a) . The device attaches to off-the-shelf, medical needles using an ISO 594/1, 2 international standard Luer-Lock connector. The cannula is rigidly fixed to the casing of the device. The stylet motion is controlled by an assembly of mechanical drive components housed within the front cylindrical portion of the device. These drive components are powered by two dc motors mounted in the rear casing. The figure shows the miniature thumb-joystick ergonomically mounted on the shaft of the device facing opposite the insertion direction, so that the physician can firmly hold the device in his or her palm and manipulate the joystick with the thumb. The design achieves 20 mm of axial stylet motion and unlimited rotation in a compact package weighing approximately 250 g that can be fully operated with one hand.
Once the target has been reached by the needle tip, the stylet is typically removed so that tissue sampling or drug delivery may be performed through the open cannula. The Luer-Lock connection on the device allows the cannula to be easily removed when the target is reached. Once the cannula is free, the device along with the stylet are pulled away, leaving the cannula in place so that the physician can quickly proceed as usual.
As shown in Fig. 5(b) , the extension of the stylet is driven by a leadscrew powered by the extension motor. The motor turns the leadscrew via two spurgears. The leadscrew is fully supported by two spaced bearings just forward of the spur gears. The leadscrew nut, which generates an axial force from the screw torque, is fixed to a cylindrical slider inside the casing of the device that can translate along the axis of the needle. To prevent the slider and nut from rotating with the leadscrew, a dowel pin that is fixed to the casing is seated in a longitudinal slot in the slider. The clamping device that holds the stylet base is mounted in a bushing in the end of the slider so that the clamp is axially rigid but free to rotate with respect to the slider.
As shown in Fig. 5(c) , the rotation motor directly drives the rotation of the stylet clamp with a telescopic shaft that passes through a hole bored through the center of the leadscrew. The telescopic shaft consists of two pieces with semicircular cross sections that mate to form a cylinder. The mating portion of the two shaft pieces is housed within the leadscrew with a close fit. This arrangement allows a very thin, 3-mm diameter, shaft to transmit torque from the motor to the stylet clamp while allowing a large, 20-mm, telescopic motion. Thus the two motors independently drive the rotation and extension of the stylet.
A. Needle Insertion Load Testing
To size the mechanical components and the two motors in the device, reaction forces at the base of the stylet were measured during manual needle insertions. For these experiments, a porcine liver phantom was used as a model for live tissue. The liver is a common choice for such tests, but it is unlike live tissue in that it contains little blood and therefore lacks the lubrication and internal pressure that a live organ would have. Additionally, the texture of the tissue in vivo is different than ex vivo. Because of the lack of fluid present in ex vivo tests, the estimated forces are likely to be larger than the in vivo forces necessary to actuate the needle tip, and, at any rate, they provide a starting point for our design.
A 6-DOF force torque sensor was mounted to the base of the needle. While holding the needle by the housing of the sensor, manual insertions into the liver phantom were performed and the reaction forces and torques were recorded. Three types of needle motions were performed by hand in the liver phantom: 1) pure axial insertions; 2) pure rotation at 10 cm depth; and 3) combined axial insertion and rotation. These three needle motions were repeated for three cases in which the stylet was: 1) fully withdrawn; 2) extended at 7 mm; and 3) extended at 15 mm. In certain instances, the needle tip encountered tissue features that were impenetrable without severely buckling the portion of the needle shaft exterior to the phantom. This set a practical upper limit on the axial forces encountered during these experiments. We also measured the torque and axial force required to overcome friction between the stylet and cannula. The friction between the two needle elements is highest when the curved stylet is fully withdrawn inside the straight cannula. For the purpose of sizing components, we chose the most conservative interpretation of the data by assuming that the entire reaction force and torque felt at the needle base in all test cases, including friction, is born entirely by by the stylet. Therefore, the stylet actuators must be able to overcome these worst-case reaction forces and torques to move the stylet with respect to the cannula. These results are presented in Table I .
We see that the forces and torques are relatively small when the stylet is fully withdrawn. However, in both cases where the stylet is exposed, large reactions are observed at the needle base during insertion. Clearly, rotating the needle with the curved stylet extended will require a greater torque than with the stylet withdrawn. Also, when the curved stylet tip is extended into tissue, the component of the axial insertion force that acts in the angled direction of the stylet tip is diminished, hence we observe higher axial insertion forces at the needle base when the stylet is exposed.
B. Component Selection
Compared with the strengths of the materials and sizes of parts used in the construction of the device, the loads acting on the device according to the results in Table I are very light. Therefore, the mechanical design was carried out with the goal of minimizing the physical dimensions of the device for convenient hand-held operation. Starting with the telescopic shaft, a 3-mm diameter was the smallest reasonable size that could be machined by conventional means. The telescopic shaft passes through the leadscrew, so the leadscrew root diameter must be larger than 3 mm. However, the smallest possible leadscrew nut size is also desirable because this affects the overall dimensions of the device. The best combination is an 8-mm diameter ACME leadscrew with a 2-mm lead and 5.5-mm root diameter with a nut diameter of 15 mm (PIC Design, Naugatuck Valley, CT).
TABLE I WORST-CASE STYLET BASE REACTIONS
This allows for a 20-mm-outside diameter for the cylindrical, handle portion of the device which is a convenient size for its intended hand-held use. Similarly, bearings, bushings, and gears are chosen to minimize the outside dimensions of the device.
The rotation and extension motors are completely isolated from axial loading by the telescopic shaft and spur gears, respectively. As a result, only torque reactions due to the extension and rotation of the stylet are transmitted to the motors. The motors are sized according to the results in Table I , the specifications of the drive components, and the desired actuation speed. Because of the number of moving parts in the device, internal friction will tend to be high relative to component inertias and tissue-cutting forces. This is especially true of the telescopic shaft, leadscrew, and slider. Therefore, we use a generous safety factor of 3.0 for the motor specification. For the stylet rotation we chose a maximum speed of 120 rev/m, which is sufficient for the types of procedures and method of use that we envision. Using a 64:1 gearhead, a 0.75 W 10-mm-diameter dc motor (RE10 from Maxon dc Motor, Sachseln, Switzerland) supplies the necessary power and torque. For the stylet extension we chose a maximum speed of 10 mm/s which, again, is sufficient for the use that we envision. By using the leadscrew with 2-mm lead, 44% efficiency, and a 17:1 motor gearhead, a slightly larger 1.2 W 13-mm-diameter dc motor (RE13 from Maxon dc Motor) is used. We use the smaller gear ratio because the leadscrew provides additional torque magnification. The higher power requirement is due in part to the moving parts in the stylet extension drive train which reduces its efficiency.
VI. SYSTEM HARDWARE AND SOFTWARE
Computer control is used to extend and rotate the stylet so that it produces the desired steering effect whether defined by the user through the joystick or by the computer through pathplanning software.
The components of the feedback control loop are shown in Fig. 6 with the joystick supplying steering input. The task of the software component is, first, to retrieve the desired stylet position from the joystick (or other) input; second, to read the actual position of the stylet measured by the motor encoders; third, to implement the digital control law; and, finally, to produce a pulse width modulated (PWM) command signal for each motor. The electronics component is the interface between the software and the device and consists of the motor drivers and encoder-counting circuitry. 
A. Control Software
An HC11 microcontroller with a C compiler was used to execute the digital control law component shown in Fig. 6 .
In the present version of the system, we are using a potentiometer-based analog joystick for steering inputs. We use the HC11's built-in analog-to-digital converters to read in the joystick position as rotations about the axes of its two rotary potentiometers. We map the joystick position to a desired stylet position in an intuitive fashion shown in Fig. 7 . The joystick is mounted to the device facing opposite the insertion direction for convenient thumb operation. We therefore control the stylet motion such that it mirrors the joystick motion. Hence, looking down along the insertion axis, deflecting the joystick laterally by an amount in the direction will cause the stylet to point its curved tip in the same direction as and to extend to an angle proportional to . These desired values for stylet extension and rotation are passed through a first-order low-pass filter with a 0.4 s time constant to reject any sudden, unwanted actions originating at the thumb-joystick interface.
The HC11 reads in the actual rotation and extension of the stylet from the encoder counters that are interfaced with the microcontroller databus. The software runs two digital PID controllers with friction compensation to generate the control command signals which are output to the motors drivers as a 244.1-Hz pulsewidth modulation (PWM) signal. The full software control loop, which consists of input processing, encoder reads, and PID control, operates at approximately 50 Hz.
The optimal PID controller gains are a function of dynamics of the mechanical device and its interaction with the tissue. These were tuned manually. The closed-loop performance of the device was found to be independent of the properties of tissue phantoms in which the needle was inserted. The friction compensation effect is achieved by adding a constant value to the controller output whose sign depends on the velocity of the reference input or . The magnitude of the friction compensation was tuned such that immediate mechanical response to joystick input was observed.
B. Device Interface Electronics
The electronics acts as the interface between the mechanical device and the software controller. First, in the feedforward path of the control loop, it interprets the PWM command signals from the HC11 microcontroller and generates the physical motor currents that power the device. Second, in the feedback path of the control loop, it interprets the motor encoder channels and generates an 8-bit register value for each motor encoder that can be read by the HC11. The electronics also incorporates a dc power supply for the entire system. Two versions of the freehand steerable needle device have been built that differ in the layout of the electronic components. One system, shown in Fig. 8(a) , houses the electronics (including the power supply and HC11 board) in a portable lunch-box-sized enclosure that plugs into a standard 60-Hz, 120-V electrical outlet. The hand-held portion of the device consists solely of the needle actuation drive train and joystick input which communicate with the portable enclosure via an umbilical cable. In this version, the microcontroller hardware is a large development board with an HC11 core (CME11E9-EVBU, Axiom Manufacturing, Garland, TX). Power for the microcontroller, electronics, and the motors is drawn from a linear dc power supply with dual 12 V/3.4 A dc outputs (model SDL-12-3434-12T, Sola Power Supply Group, Rosemont, IL). An important concern for the this version of the system was the emission of electromagnetic noise from the cable. If the PWM command signals from the microcontroller are used to power the motors directly, the noise from the high-frequency current switching in the cable could adversely affect other sensitive equipment in a medical environment. Therefore, the motor drivers in the electronics enclosure consists of a low-pass filter and power op-amp with current feedback to generate analog currents that power the motors through the cable.
Although the umbilical system keeps the size and weight of the hand-held portion of the device to a minimum, the cable is a heavy, cumbersome, and potentially motion-limiting appendage. To free the physician from these distractions, a second fully self-contained and self-powered unit was built. For this version of the steerable needle system, shown in Fig.  8(b) , a miniaturized assembly of the device hardware using battery power has been installed in a small box mounted directly to the handle of the device. Power is supplied by a 7.2-V Li-Ion battery pack. The control software is executed on a small HC11-based board (Microcore-11, Technological Arts, Toronto, Canada). In this version of the device, there are no exposed cables so the emission of electromagnetic noise is not a concern. Therefore, this system drives the motors directly with the PWM command signals from the microcontroller and H-bridge motor drivers.
VII. NEEDLE MOTION PLANNING
An important goal for future implementations of this steerable needle device is to develop an automated system that is able to insert and steer the device to a specified target under full computer control. This will replace the role of the joystick in defining the desired stylet extension and rotation. To achieve this, a method of generating steering commands for the device based on the current target and needle positions is necessary. For this automated functionality, we assume ultrasound imaging will be used because of its real-time capability to visualize the target and to monitor the progress of the needle insertion. The scope of the control method we have developed deals with steering the needle within the plane of the ultrasound image and does not, as of yet, implement any steering action normal to the imaging plane.
The approach involves defining a new two-dimensional image space composed of all possible needle paths that can be generated by using any constant stylet extension. This produces a fan-shaped area of arcing trajectories originating from a common position and slope representing the current needle tip. Points in this new two-dimensional image space are defined by an insertion depth to that point and a stylet extension that produces an arcing trajectory that passes through that point. By mapping the target location to this new image space, the predicted insertion depth and stylet extension required to reach this point are immediately obtained.
We can then create a feedback-steering controller that tracks the target location in this new image space. After mapping the target position to this new coordinate system, the stylet extension value that produces a predicted trajectory passing through the current target position is sent to the stylet position controller, described in Section VI, as the desired extension value . The mechanical device will extend the stylet to this position as the insertion proceeds. This control strategy is repeated in real time so that the the stylet extension is constantly updated such that its predicted path always intersects the target. Because we calculate a constant value of stylet extension that is predicted to steer the needle to the target, this steering controller minimizes the control action necessary over the course of the insertion. By doing so, it will minimize tissue trauma caused by stylet motion and consumes a minimum of energy while producing the most uniformly curved trajectory.
A. Formulation of the Coordinate Transformation
First, we define an inclined Cartesian space with local coordinates and such that the needle tip lies at the -frame origin and is oriented in the positive -axis direction. The relationship between a point in the -plane to its equivalent point in the original image is described by the following expression, where is the rotation matrix for inclined angle of the envelope and the point is the location of the -plane origin in the original image,
The curved paths that make up the field of possible needle trajectories are all arcs of approximately constant radius. We parameterize points in this fan-shaped area of mathematically described needle trajectories with two variables and . The variable is the arc length to the point from the origin (the insertion depth), and the variable is the reciprocal of the radius of curvature for the arc that passes through that point. The and image spaces are shown with respect to the original needle image in Fig. 9 .
The arcs defined by the needle curvature parameters and may be expressed in -coordinates by the following equation,
The conversion from points in the -plane to the -plane is then (12) (13) where (14) 
B. Needle Trajectory Validation
We validate the mathematically predicted needle-bending behavior against the needle-steering results presented above in Fig. 3(b) of Section IV. Assuming stylet extension is proportional to , we apply an -value scaling factor such that the values 4, 8, and 12, generate theoretical trajectories that match as closely as possible the real trajectories for stylet extensions of 4, 8, and 12 mm, respectively. This scaling factor is found empirically by trial-and-error to be 1684. Similarly, the variable is scaled by a factor of 100 to correspond with the insertion depth measured in millimeters. The -value-scaling factor will be a function of the tissue properties because we observed Fig. 9 . Original image of a needle insertion by using a constant value of stylet extension. The inclined rectangular envelope is the UV -plane with V -axis perpendicular and U-axis parallel to the needle shaft at the entry point to the envelope. The fan of arcing paths shows the mapping of the MN-plane to the UV -plane where every point in the UV -plane is described by the curvature of the arc that passes through that point (N -value) and a distance along that arc (M -value).
previously in Section IV that the steerability of the needle increases with tissue stiffness. However, it is sufficient to tune the -value-scaling factor to some constant approximate value because we found the dependence of steering behavior on tissue stiffness to be minor, and, within a feedback control loop, the -value is continuously updated in real time to cancel any trajectory errors. Fig. 10 shows the correspondence between the true and theoretical trajectories plotted in both and planes. Fig. 10(a) shows that both the assumptions of constant radius arcs and of proportionality of to stylet extension are reasonably accurate, especially for short distances beyond the needle tip and for small stylet extensions.
In Fig. 10(b) , we see how the predicted trajectories map to horizontal lines of constant -value in the -plane. Two properties of the real needle behavior are evident in this figure. First, the steering action of the needle is stronger at the beginning of the insertion than at the end. The curvature of the arc ( -value) is approximately twice as large at the beginning of the insertion (at about 20 mm in depth) as at the end of the insertion (at about 100 mm in depth). This is true for all three sets of data. Second, the amount of curvature ( -value) is linearly proportional to the amount of needle extension. Even as the curvature of the arc varies with the depth of insertion ( -value), the curvatures for the three sets of data (4, 8, 12 mm of extension) maintain an approximate ratio of 1:2:3.
C. Motion Planning Implementation
Based on this coordinate transformation technique, we implement a closed-loop needle path controller that tracks the target location in the -plane. Because the -and -planes are both defined relative to the current needle tip position, we must use feature-tracking software for ultrasound imaging and/or other mechanical means to measure the positions of the target tissue and the needle tip in real time. We have described a needle-tracking algorithm developed for this purpose in [16] . Within the control loop, we define the -and -planes based on needle-tracking data and map the target location to -coordinates. The control algorithm then uses the -value as a control input to determine the amount of needle extension required to produce a trajectory that intersects the target. The -value determines the amount of axial insertion that should be applied at the needle base to reach the target along the predicted trajectory.
To compensate for the dependence of steerability on insertion depth, we can make the control gain applied to the -value also a function of insertion depth such that it increases as the needle penetrates deeper into the tissue.
D. Improvements to Needle Trajectory Modeling
Because the experimental data do not fit perfectly onto a horizontal line in the -plane, we can create another simple mapping to a new two-dimensional space. In this new -plane, the data points along the true needle trajectories of constant stylet extension will have less deviation from 
Based on the experimental data, using a least-square fit on data points for (the data points near the insertion point have greater error), the following values are obtained: (17) This transformation allows for a better fit of the modified arcs to the experimental data, and its mapping is still invertible. Fig. 11 shows the experimental data fitted with the modified arcs.
VIII. DISCUSSION
We have shown that it is possible to steer a medical needle through tissue-mimicking phantoms using our needle tip-steering device. However, because the stylet motion is under computer control and is driven by motors, the issue of safety must be addressed. A number of features of the device are designed to protect the safety of the patient during an insertion.
In the freehand system, the most basic safety measure available is the ability of the physician to immediately withdraw the needle at any time. Further, in any event, emergency or otherwise, when the joystick is released, it springs back to center; hence, the stylet will default to its withdrawn and harmless position. Within the software, we prevent the stylet from responding harshly to user input using a low-pass filter on joystick commands.
To specifically address the issue of motor control, a master power cut off switch is present on the case. The response of the physician to a safety concern will be to switch off the power to the device. When removing the needle with the device powered off and the stylet extended, the physician can avoid tissue damage caused by the bent stylet tip by detaching the cannula from the device and leaving it in place while the stylet is safely withdrawn through the cannula. The cannula can then also be removed. We can automate the interruption of motor power by watching the errors on the stylet motion controllers in software. If these errors become too large, motor control has been lost and the device should power down. In practice, the motor controllers are overdamped and the insertion forces are well within the motor limits, so stability is not a concern.
Although the size and weight of the current prototype is somewhat more than what one would desire in practice, we find that it is not unreasonable for freehand use under ultrasound guidance. We have been able to perform guided insertions with our device in tissue phantoms without experiencing hand or forearm fatigue to the extent of being detrimental to the procedure. In practice, physicians are also often able to rest their wrists on the chest or abdomen of the patient to reduce fatigue and tremors. Future versions of the mechanical design will become smaller, lighter, and cheaper, in particular, as we replace the machined aluminum casing with plastic.
In [16] , we have shown that we can locate needles in the two-dimensional B-mode ultrasound images by using a combination of techniques. As well, we have shown that the stylet extension or rotation can be driven at a known frequency, e.g., 5 Hz, to generate a periodic needle tip motion that can be effectively detected in Doppler ultrasound images. Apart from the two-dimensional ultrasound guidance, real-time three-dimensional ultrasound has recently entered the market. Given that our device provides three-dimensional needle-tip placement control, three-dimensional ultrasound imaging would complement our system very well. Without the need to move the ultrasound probe, three-dimensional ultrasound provides the physician with full three-dimensional geometric knowledge of the needle and the target so that he or she can choose the correct steering action. Further, three-dimensional ultrasound facilitates automation of needle steering control as it will allow the control software to detect and correct any trajectory error, not only those that lie in the plane of a two-dimensional ultrasound image.
Other modalities, such as CT and MRI, would also be usable for simultaneous needle and target imaging.
IX. CONCLUSION
The preceding research presents the design and implementation of a steerable needle for use in percutaneous needle insertions. By applying a slight modification to the stylet of a standard medical biopsy needle, we are able to produce two degrees of steering freedom by mechanical actuation of the stylet with respect to the needle cannula. Experimental validation of steering performance in tissue phantoms show that the steering effect produced by our needle-steering concept is very strong. Over 30 mm of lateral tip motion was achieved in a 100 mm insertion with a 20-gauge biopsy needle. In our phantoms, the steerability of the needle increases with tissue stiffness.
A hand-held needle steering device has been designed and built that produces the necessary stylet motions to achieve a desired steering magnitude and direction. Steering commands may be provided by the physician using a miniature thumb-joystick interface or potentially by computer using a path-planning software package. The present design is implemented using joystick input. An embedded microcontroller and electronics control the motors responsible for stylet actuation. The device is fully encapsulated and self-powered and is designed for convenient one-handed operation so that current clinical practice under ultrasound imaging remains largely unchanged while enabling the capability of needle steering.
Future work will see continued development in the areas of software path planning and needle detection. We have presented a method of needle path planning that calculates a constant value of stylet extension that is projected to produce a trajectory that intersects the target. More accurate modeling of the interaction between tissue and the needle will produce superior path prediction, which will improve steering control under freehand user input or automated computer input.
